Summary: The effect of pial arterial pressure (PAP) on brain edema was examined in cats with middle cerebral artery (MCA) occlusion. Measurements of PAP and re gional CBF (rCBF) were collected in the central core and the peripheral margin of the MCA territory over 180 min post MCA occlusion. Brain water content in each region was determined at the end of the experiment. MCA oc clusion resulted in decreased PAP and rCBF in both the core (PAP = 13 mm Hg, rCBF = 9 mUIOO g/min) and the peripheral region (PAP = 15 mm Hg, rCBF = 18 mll100 g/min). Brain edema developed in both the core and the
Brain edema is a significant source of morbidity and mortality in cerebral ischemia. Edema forma tion does not necessarily accompany complete ce rebral ischemia despite the presence of associated severe metabolic disturbances (Pulsinelli and Brier ley, 1979) . The main source of accumulated water appears to be restored blood flow to the ischemic region. Several factors including failure of energy dependent homeostasis, increased tissue osmolar ity, and transmural hydrostatic pressure gradients contribute to the efflux of water into ischemic brain parenchyma (Hossmann and Takagi, 1976; Mchedlishvili et aI., 1979; Kogure et aI. , 1981; Hatashita and Hoff, 1986b) .
Induced hypertension may reduce neurological deficits in ischemic stroke patients during the acute stage (Shanbrom and Levy, 1957; Wise, 1970) . However, experimental studies indicate that in duced hypertension in the setting of a damaged peripheral region. Brain water content was correlated in versely with PAP in the core region and positively in the peripheral region. The results indicate that decreased blood flow contributes to cytotoxic edema in the core, and a hydrostatic pressure gradient preferentially en hances edema formation in the peripheral region. Main tenance of high perfusion pressure early after ischemia onset may suppress brain edema in the core region. Key Words: Brain ischemic edema-Hydrostatic pressure gra dient-Ischemic core-Ischemic periphery-Pial arterial pressure-Regional cerebral blood flow.
blood-brain barrier (BBB) may be injurious be cause of increased vasogenic edema due to an in creased transmural hydrostatic pressure gradient (Fenske et aI., 1978; Kogure et aI., 1981; Fernandez et aI., 1986) . Therefore, induced hypertension may be most beneficial in the early period when the BBB is intact (Aspery et aI., 1987) .
It is unclear whether the hydrostatic pressure gra dient between vascular lumen and brain tissue pre dicts edema formation in the early, mild ischemic stage. The current study was designed to investi gate the relationship between brain edema and pial arterial blood pressure (PAP) in both the ischemic core and the periphery in the early ischemic period.
MATERIALS AND METHODS

Surgical preparation
Seventeen adult cats weighing 2.5-4.5 kg were used. The cats were anesthetized with intraperitoneal a-chloralose (50 mg/kg) and urethane (500 mg/kg) and im mobilized by an intravenous infusion of pancuronium chloride. Tracheal intubation was performed and respira tion was controlled with a Harvard respirator. Expiratory Pcoz was maintained at the physiological range, monitor ing with continuous capnography (Normocap; Datex). Polyethylene catheters were placed in the femoral artery to measure systemic arterial blood pressure (SAP) with a Statham P23 pressure transducer and to sample arterial blood for blood gas analysis and hematocrit. The femoral vein was also cannulated for drug administration. Body temperature was kept at 37.5 ± O.soC with a warming blanket. Blood gas was intermittently measured with a blood gas analyzer (ABL-30). The head was fixed in a stereotaxic operating apparatus. Using a dental drill, a 20
x 20-mm burr hole was made in the left parietotemporal skull, exposing the ectosylvian and marginal gyrus. The dura was then carefully opened. Warmed phosphate buffered saline was dripped over the exposed cortex to prevent drying and cooling during the experiment.
Middle cerebral artery occlusion
The horizontal portion of the left middle cerebral artery (MCA) was exposed under an operating microscope using a transorbital approach. In 12 cats the MCA was occluded with bipolar coagulation proximal to the lateral lenticu lostriate artery. The dural defect was packed with Gel foam and cotton plugs to prevent cerebrospinal fluid leak. Sham occlusion of the MCA was performed in five cats.
Regional CBF
Regional CBF (rCBF) was measured in the ectosylvian and marginal gyrus of the affected hemisphere using hy drogen clearance methods (Pasztor et al., 1973) . The ec tosylvian gyrus is considered anatomically to be a "core region" and the marginal gyrus a "peripheral region" of the MCA perfusion tree in the cat. A hydrogen-sensitive electrode (platinum iridium wire, 0.3 mm in diameter) was inserted in each gyrus and a silver chloride reference elec trode was placed in the temporal muscle. Hydrogen gas (10 vol%) was inhaled for 2 min during control measure ments and for 3-4 min during ischemia. Desaturation curves were analyzed using the initial slope method (Doyle et al., 1975) . In the sham-operated cats rCBF was measured in the left ectosylvian gyrus.
PAP
PAP was measured using a servo-null micropressure recording system (model 900; W-P Instruments) (Shapiro et al., 1971) . Three small pial arteries (80-100 J.Lm in di ameter) near the hydrogen electrode were punctured with a micropipet filled with 2 M sodium chloride. The PAP at each region was expressed as the averaged value obtained from three successfully punctured pial arteries. The tip of the micropipet had a diameter of -I J.Lm and repeated punctures induced neither bleeding nor obstruction of the arterial lumen. Measurements from constricted arteries were discarded. The zero reference for the PAP measure ment was placed at the brain surface.
Brain water content
The brain was immediately removed after death by in travenous potassium chloride injection. Tissue samples (100-150 mg) were taken from the gray matter surround ing each hydrogen electrode and the wet weight of each sample was determined. The samples were dried in an oven at 95°C to a constant weight and dry weights were recorded. The tissue water content was calculated using the wet/dry method (Elliot and Jasper, 1949) . All cats received 2% Evans blue dye (2 mUkg) intravenously 30 min before death to assess BBB permeability.
Experimental protocol
After steady-state measurements the MCA was oc cluded in 12 cats and rCBF and PAP were measured at 30 and 180 min post occlusion. All animals were killed im mediately after the last measurement. Sham-operated cats were observed for 180 min and rCBF and PAP were obtained before death. The presence or absence of ex travasated Evans blue dye was determined in all animals.
Statistical analysis
All data are reported as means ± SD. Paired t test was used to compare rCBF and PAP between core and pe ripheral regions and between 30 and 180 min post MCA occlusion. Dunnett's test was used for mUltiple compar isons of rCBF and water content in the core and periph eral region with a control value. Paired percentage com parisons were made using the Wilcoxon test.
RESULTS
Sham controls
In sham-operated cats, rCBF was 54.5 ± 9.5 mll 100 g/min in the left ectosylvian gyrus. PAP was 56. 3 ± 5.5 mm Hg in the ectosylvian gyrus and 52.3 ± 6.5 mm Hg in the marginal gyrus before MeA exposure. No significant changes in either reBF or PAP were observed at 30 and 180 min post MeA exposure. The water content of the ectosylvian gray matter was 77. 57 ± 0.57%, and the brain tissue was not stained by Evans blue dye.
SAP and PAP in MCA occlusion
SAP and PAP before and after MeA occlusion are shown in Table 1 . SAP showed no significant change during the experiment. The control value of PAP was 54. 8 ± 8.5 mm Hg in the core and 50. 4 ± Control rCBF was 55.9 ± 8. 0 ml/toO g/min in the core and 53.4 ± 8. 1 ml/toO g/min in the peripheral region, not significantly different from values in the sham-operated cats. A significant reduction of rCBF in both regions was observed post MCA oc clusion. rCBF fell to 9. 4 ± 4. 3 ml/100 gimin in the core and to 17.8 ± 3.4 ml/100 g/min in the peripheral region 30 min post MCA occlusion. The reduction of rCBF was significantly greater in the core (17. 2 ± 7. 2% of control value) than in the peripheral region (35. 0 ± to.8%) (p < 0.001). Both rCBFs showed no significant changes over the ensuing 150 min of oc clusion. In the core region, rCBF was positively correlated with PAP both at 30 (r = 0.79, p < 0. 01) and 180 (r = 0.64, p < 0.05) min post MCA occlu sion (Fig. 1) . No correlation was observed between rCBF and PAP in the peripheral region.
Brain tissue water content
The brain tissue water contents in the core and peripheral region 180 min post MCA occlusion were 81.82 ± 1.30 and 78.50 ± 0.56%, respectively (Fig.  2) . A significant increase in water content was ob served in both the core (p < 0.01) and the peripheral (p < 0.05) regions compared with values in the sham controls. The increase in water content was greater in the core than in the peripheral region (p < 0.01).
Relationship between PAP and brain water content
The relationships between brain water content and PAP are illustrated in Figs. 3 and 4. Figure 3 shows an inverse correlation between water content and PAP in the core region 30 and 180 min post MCA occlusion (r = -0.75, P < 0.01 and r = -0.82, p < 0.001, respectively). As shown in Fig.  4 , peripheral water content was positively corre lated with PAP at both 30 and 180 min post MCA occlusion (r = 0. 70, p < 0.05 and r = 0.97, p < 0.001, respectively).
Permeability of the BBB
There was no extravasation of Evans blue in any cats up to 180 min post MCA occlusion. Arterial blood gas and hematocrit remained within normal limits throughout the experimental period (Table 2) . 
DISCUSSION
Under normal conditions, the pressure gradient and radius of the conductance vessels are the major determinants of CBF. However, in areas of focal cerebral ischemia, the pressure gradient and blood viscosity assume greater importance in determina tion of CBF (Wood and Kee, 1986) . The current study demonstrated a gradual increase of PAP in the peripheral region after MCA occlusion, which appears to be due to early opening of collateral channels through pial anastomoses. Conversely, PAP remained unchanged in the core region, con sistent with previous reports (Shima et aI., 1983; Yamaguchi et aI. , 1988) . Since the core rCBF de pends directly on PAP, increase in PAP could pro tect brain tissue from ischemic damage by increas ing rCBF. The lack of PAP increase in the core region may be due to inadequate collateral chan nels. It is uncertain whether pharmacological agents that dilate collateral channels such as calcium an- tagonists or prostacyclin might increase core PAP or rCBF (Harris et aI. , 1982; Yatsu, 1982; Date and Hossmann, 1984) .
The current study demonstrated enhanced core water content 180 min post MCA occlusion com pared with that in peripheral regions and in sham controls. The core rCBF was 9.0 mlllOO g/min, ap proximately the same rCBF level that causes failure of ion homeostasis and membrane function (Astrup et aI., 1977; Branston et aI., 1977) . This flow level is also below the threshold for ATP reduction, 12-14 mIll 00 g/min (N aritomi et aI. , 1988) . Several studies indicate that cerebral cortical edema is enhanced 60-90 min post MCA occlusion in cats and baboons when the rCBF is below 10 mlilOO g/min (Schuier and Hossmann, 1980; Bell et aI. , 1985) . The current results are in agreement with those findings. Brain edema in the ischemic core in the current study was mainly cytotoxic (Klatzo, 1967) , with an absence of Evans blue staining after ischemia. Water content in the core region was inversely correlated with 7.35 ± 0.03 31.5 ± 2.6 100.4 ± 5.7
7.35 ± 0.04 31.9 ± 2.5 99.5 ± 7.5
Values are means ± SD (n = 12). (vol%) 40.4 ± 4.5 39.1±3.7
Hematocrit
40.0 ± 4.0
PAP (see Fig. 3 ). This result suggests that cytotoxic edema in the ischemic core could be suppressed by a rise of PAP and rCBF early after ischemia.
In the peripheral region, a small but significant increase in water content was observed. In baboons subjected to MCA occlusion, Symon et ai. (1979) found an increase in cortical water content when the blood flow fell to a range of 15-20 mllIOO g/min. Hatashita and Hoff (1986a) reported significant wa ter accumulation in the peripheral region 6 h after MCA occlusion in cats. Their ischemic level was 18.9 mlllOO g/min, close to the measurements in the current study (Table 1) . These blood flow levels are higher than that resulting in membrane failure or sustained increase in extracellular potassium value (Astrup et aI., 1977; Branston et aI., 1977) . How ever, impaired vascular reactivity, reduced oxygen metabolism, and transient increased potassium or decreased calcium activity in the extracellular space have been reported in the peripheral region (Branston et aI., 1977; Harris et aI., 198 1; Strong et aI., 1988) . It is conceivable that these metabolic changes may affect the microvascular permeability of water in the early, mild ischemic stage.
The current study demonstrated that water accu mulated in proportion to the level of peripheral PAP after MCA occlusion. This direct relation between water content and peripheral PAP was opposite that observed in the core region. This suggests that the hydrostatic pressure gradient between blood vessel and brain tissue was a driving force for water accu mulation in the peripheral region. The calculated transmural hydrostatic pressure gradient was 4 mm Hg in the core and 13 mm Hg in the peripheral region in the current study (Hatashita et aI., 1985; Hatashita and Hoff, 1986a) . This significant differ ence in transmural pressure gradient between the core and periphery may explain the preferential role of PAP in edema formation in the peripheral region.
In the cat MCA occlusion model, there is consid erable pial vasoconstriction in the core region, probably relating to potassium release into the ex tracellular space (Teasdale et aI., 1983) . Pial vaso constriction likely contributes to a decreased in traluminal pressure in the distal core microvasculature. Conversely, intraparenchymal microvessels in the peripheral region may be exposed to dispropor tionately high blood pressure due to pial vasodila tion.
Another possible mechanism for water accumu lation in the peripheral region is dispersion of ex tracellular water from the core to the periphery. Differences in tissue pressure between the core and peripheral regions can reach 5 mm Hg 180 min post MCA occlusion in cats (Hatashita and Hoff, 1986a) . This tissue pressure gradient could cause migration of edema fluid from the core to the peripheral re gion. This mechanism might explain the direct rela tionship between water content and PAP in the pe ripheral region; compression of the parenchymal vascular bed by the migrated water could directly increase peripheral PAP. However, core PAP was not increased during ischemia and had an inverse correlation with water content despite the fact that the increase of core water content was greater than in the peripheral region. Thus, the main cause of the increase in peripheral PAP is likely due to opening of collateral vessels rather than edema itself. Pe ripheral edema formation appears to be a direct re sult of increased PAP in the peripheral region.
Experimental studies have suggested that in creased perfusion pressure is particularly danger ous in the presence of a damaged BBB due to en hancement of vasogenic edema (Fenske et aI., 1978; Kogure et aI., 198 1; Fernandez et aI., 1986) . The current study revealed that high brain perfusion pressure might suppress the core brain edema, whereas a transmural hydrostatic pressure gradient contributed to edema formation in the peripheral region at a stage with an intact BBB to macromol ecules. Experiments manipulating blood pressure in an early ischemic stage are needed to clarify the effect of induced hypertension on the early brain edema. Since water content and total tissue volume are higher in the core than in the peripheral region, maintenance of high perfusion pressure early after ischemia may decrease total brain edema.
